ABSTRACT Simultaneously integrating electromagnetic absorption and wavefront-shaping into a single metasurface with flat and low profile is crucial for many practical applications both in science and engineering community. Here, by introducing lossy components to properly design the impedance of metasurface, we propose an anisotropic metasurface capable of broadband absorption and high-efficient wavefront manipulation, which is sensitive to the excitation of different polarizations. As a practical example, we present a flat metasurface reflector to achieve high-directional radiation with reduced backward scatterings. When a standard waveguide antenna is used to illuminate the metasurface, the reflected wavefront is shaped to directive beam across X-band in microwave regime, with the gain reaches about 25 dBi around 10 GHz. Under the illumination of an orthogonally polarized wave, the incident power is dissipated by the chip resistors to achieve broadband and high-efficient microwave absorption. Experiments are carried out to validate the design principle, and good agreements are observed between the measured and simulated results.
I. INTRODUCTION
Metasurfaces are composed of engineered structures with subwavelength dimensionalities that can provide desired field discontinuities across the interface to enable diverse electromagnetic (EM) wavefront shaping [1] - [6] . Actually, metasurfaces can be viewed as the two-dimensional equivalence of metamaterials with advantages of such as low-profile, reduced insert loss, light weight and easy integration with other devices, etc. Owing to their thrilling properties, they have attracted significant attention during the past years. Their fascinating features do not stem from the average composition as for conventional mixtures, but are instead relying on their subwavelength-scaled geometry of the structural meta-atoms. Their promising prospects are associated with the possibility to arbitrarily control the EM functionality with
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high efficiency by judiciously tailoring the surface impedance of the metasurfaces, providing a number of intriguing devices and applications such as ultra-thin flat lens [7] , [8] , low scattering surface [9] - [11] , vortex generator [12] , [13] , as well as many multifunctional meta-devices [14] - [16] .
Different to metasurfaces with reduced loss to ensure a high-efficient wavefront manipulation, the EM absorbers are deliberately incorporated with lossy components to transform the input wave into energy dissipation, thus inhibiting transmission and reflection of EM waves [17] . Since the first demonstration of the perfect metamaterial absorber [18] , many efforts have been devoted to absorbers with diverse absorption performances, for example, ultra-narrow or ultrabroadband absorption operating from low radio frequencies to optical range [19] - [26] . The most advantages of metamaterial absorbers are their designable absorption properties, thin thickness, and light weight when compared with conventional absorbers composed of, e.g. carbon or ferrite powders in microwave region. Besides, the EM absorbers are not restricted to applications of energy suppression such as electromagnetic compatibility, stealth technique, but can also be used in many other applications, such as energy harvesting and sensing, etc. [27] , [28] .
With the rapid development of modern science and technology, achieving multiple EM functionalities in a single flat device is crucial because the space is limited and expensive in compact systems. Therefore, it is beneficial to simultaneously encompass broadband absorption and diverse wavefront shaping to integrate the advantages of these two community into a single metasurface, which may stimulate the development of new practical uses. Conventional ways to achieve multi-functional metamaterials often use such as anisotropic metasurfaces with functionalities dependent on the polarizations of excitation [14] - [16] , [29] , [30] , tunable metasurfaces loaded with active components [31] , [32] , etc. To realize a metasurface that is capable of absorbing the incident power and high-efficient manipulation of EM wavefront, here we design its impendence with an anisotropic form that can be operated independently upon different polarized excitations. It relies on synthesis of the impedance of the metaatom such that the meta-atom can function as a phase-shifter when the impendence is purely imaginary, while function as an absorber when the impendence is designed with suitable real parts by loading chip resistor into the resonant structures. As a proof of concept, we have integrated anomalous reflection with broadband microwave absorption into a single flat metasurface in microwave region. Furthermore, we apply this type of metasurface into practical application, where directive radiation and low backward reflection are simultaneously achieved to form a high-gain flat parabolic antenna with broadband low backward radar cross section (RCS). The primary out-phase radiation from the feed antenna can be well compensated by the metasurface in one direction, leading to a high-directive radiation in X-band. Meanwhile, by incorporating lumped resistors, the wave polarized along the orthogonal direction will be absorbed in a broad band. Experiments have been carried out to verify the design principle and the simulated results. Figure 1 schematically shows the EM functionalities of the proposed metasurface for EM excitations of different polarizations. When the incidence is x-polarization, the metasurface will impart pre-designed spatially varying phase profiles to the emerging wave, leading to a designer's wavefront shaping with high-efficiency. On the contrary, once the incidence is switched to the orthogonal y-polarization, the metasurface will function as a broadband EM absorber to dissipate the incident energy by the lumped resistors loaded on. Therefore, the key step to realize these integrated functionalities in a polarization-selective manner is that the meta-atoms can simultaneously achieve arbitrary phase functions and absorption with low polarization crosstalks. Actually, this relies on the impedance manipulation of the meta-atoms that should be deliberately designed into an anisotropic form with suitably tailored real and imaginary parts.
II. CONCEPT AND ELEMENT DESIGN
Since we design the metasurface in reflection operation, the transmission will be uniformly assumed as zero. Therefore, the local reflection coefficient of an arbitrary meta-atom can be written as:
, where η 0 is wave impedance of free space, and the Z s is the impedance (the ratio between the tangential components of the total electric and magnetic fields, including the incident and scattered fields, at the surface) of the meta-atom that is derived from homogenous array consisting of identical meta-atoms. The impedance tensor of the meta-atom can be written as Z = Z xx Z xy Z yx Z yy . In this scheme, we aim to realize independent control over the polarization-selective reflection properties of meta-atoms, so the impedance tensor can be reduced to We first analyze and design the metasurface along x-direction, which can ensure a high-efficient wavefront engineering as schematically shown in Fig. 1(a) . In applications associated with wavefront tailoring, the energy loss during the process of EM wave coupling with structures should be suppressed as much as possible. On this consideration, the metasurface is designed with low-lossy materials, and in the ideal case, the impedance of the meta-atom should purely have imaginary part that can be derived as: Z x = jη 0 cot(ϕ x /2), where parameter ϕ is the reflection phase from the metaatom [33] . The above equation shows that, when the reflection phase is known, the impedance can be consequently determined. One may also design the required impedances to acquire the desired reflection phases. Numerous studies have proposed reflection-type metasurfaces for phase tuning functions, providing potential candidates for high-efficiency wavefront shaping.
The designed element configuration is schematically shown in Fig. 1(b) . It consists of three metallic layers and two dielectric substrate. The bottom is a bare metallic layer, working as the ground plane to totally block the transmission wave and ensure the meta-atom to operate at reflection mode. The structure patterned on the middle layer is composed of two mirrored equilateral triangles with their apices connected by a metallic rectangle block. The physical parameters are p = 6.4 mm, h = 1.524 mm, α = 60 • , and g = 0.2 mm. The top structure along x-direction has same configuration as that on the middle layer, but is slightly shrunken by a factor of 0.7. The dielectric layers are designed with a relative permittivity of 3.55 and a loss tangent of 0.0027. The composite metallic resonators, designed with proper physical parameters, can provide large tuning range of reflection phase, and the interlayer coupling between these layers can form a Fabry-Perot-like resonance, enhancing the phase accumulation. At the same time, the gradually tapered structure can bring benefits to enhancing the operation bandwidth as well as to improve the linearity of the phase curves. The structure loaded with lumped elements along y-direction is designed for broadband microwave absorption. In the full-wave simulation set-up of an arbitrary meta-atom, periodic boundary conditions are stipulated along both x-and y-directions while air-space along z-direction.
By changing the impedance of the meta-atom according to the above equations, the reflection phase will be changed as well, and specifically, arranging these elements into a certain spatial profile, the pre-designed wave functions will be emerged as a collective result of the secondary scattered wave from each element. For example, if we want to generate an anomalously reflected beam upon normal x-polarized excitation, the impedance should be periodically modulated along the x-direction according to the generalized Snell laws [1] . The gray curve shown in Fig. 1 (a) depicts the ideal impedances continuously modulated along x-axis to obtain an anomalous reflection angle of 51 • at 10 GHz. In practical implementation, the ideal continuous profile of impedance distribution should be discretized into pixels according to the elements sizes. In this scheme, the element has a size of 0.213 wavelength along x-direction, with respect to the designed frequency of 10 GHz. By only varying one parameter l x from 1.8 mm to 3 mm, we can achieve a large impedance range to realize the required impedances, producing discrete phase responses with a step of 60 • , as the scatters shown in Fig. 2(a) . Compared to ideal cases, the realized impedances, derived from the reflection properties of the meta-atom, have nearly the same imaginary parts. At the same time, the real parts of the realized ones are very small compared to the imaginary parts, indicating little energy loss. This can be verified by Fig. 2(b) , where we plot the frequency-dependent phase and amplitude responses of the six meta-atoms. Clearly, the reflection amplitude can always stay at a high level exceeding 0.97 across the entire band, ensuring a high-efficient wavefront tailoring. The phase responses show a nearly linear function as the change of frequency, which can benefit the stability of the designed EM functionality. By varying more parameters simultaneously, one may envision improved element performances. It should be noted that, by increasing or decreasing the parameter l x , we can further obtain a larger phase range covering full 360 • , and by continuously varying this parameter, arbitrary reflection phase with near-complete reflection amplitude can be fully realized.
Next, we describe how to design the other term of Z y to realize broadband microwave absorption for y-polarized excitation. To acquire EM absorption, the impedance of the meta-atom should have suitable real parts to provide impedance-matching to free space, therefore inhibiting the reflections and dissipate the incident power. The tuning of real parts mainly resorts to the lossy materials, which have been explored by numerous studies and several ways to introduce lossy components have already been implemented, including magnetic loss, dielectric loss, resistive film and lumped element [18] - [20] , [34] , [35] In this scheme, we use chip resistor to realize impedance-matching, for their wide uses and precise control of employed resistance. Another key point to realize high-efficient absorption is to construct proper resonance and incorporate the resistor in the resonant structure. When the element is shined by the incidence, currents will be induced and transformed to ohmic loss by the resistors. If we want a broadband absorption, multiple resonances should be adopted. One of the most efficient way is to use the thickness effect of the grounded dielectric substrate to construct two EM resonances: one in high frequency band and the other in low frequency band [35] . Based on the above considerations, we finally design the resonant structures in y-direction, as shown Fig. 1(b) . The triangle pattern is cut with a split gap in the middle and loaded with a chip resistor of 56 . Other physical parameters are optimized with t 1 = 1 mm, t 2 = 0.7 mm, d y = 2.88 mm, and l y = 2.5 mm.
Full-wave simulations are also performed to investigate the absorption properties. Since the transmission is totally blocked by the metallic ground, the absorption is only related to reflection, described as A(f ) = 1 − R(f ), where A(f ) and R(f ) are the frequency-dependent absorption and reflection, respectively. And R(f ) can be calculated by the S-parameters as R(f ) = S 2 11 . Here, we define the bandwidth by −10 dB (or 90% absorption), which means we can obtain at least 90% absorption within the operating band. The reflection performance of the meta-atom under y-polarized excitation is shown in Fig. 2(c) . By setting parameter l x = 2.5 mm in x-direction, a continuous band of 7.8 -14.9 GHz is achieved. Two reflection dips are observed around the frequencies of 9.5 GHz and 13.5 GHz, respectively. The results obviously demonstrate the capability of broadband microwave absorption. To give a physical insight, we have also plotted the impedance of the meta-atom derived from the reflection properties, as shown in Fig. 2(c) . The real part of the impedance is around η 0 while the imaginary part is around zero, ensuring a broadband impedance-matching to the free space.
Since the metasurface is proposed for wavefront tailoring in x-direction, the absorption functionality in y-direction should be well-preserved when the parameters in x-direction are changed to obtain different phase functions. Figure 2(d) plots the variations of absorption as a function of the parameter l x , with the parameters in y-direction same as that in Fig. 2(c) . Clearly, low reflections are observed with broad operation band. The lowest operating frequency is immune to the change of l x , while the highest frequency gradually decreases as the increase of l x . The −10 dB contour lines conclude this trend. Although the bandwidth is slightly narrowed, the absorption efficiency for y-polarized excitation is enhanced, which is evidenced by the first reflection dip.
As a proof of concept to show the polarization-selective EM functionalities, anomalous reflection and broadband absorption is integrated in a single flat metasurface. It is known that a homogenous surface will induce specular reflection for an arbitrary incidence. However, when it is modulated with constant phase gradient, one can get desired reflection [36] . In this regard, we apply constant phase gradient along y-direction with a phase step of 60 • while constant phase along x-direction. The designed spatial phase profile will lead to an anomalous beam with reflection angle of 51 • in the yoz plane for x-polarized excitation, and the designed structure is shown in Fig. 1(a) . The impedances of the six elements at target frequency are the scatters shown in Fig. 2(a) , while their spectral performances are shown in Fig. 2(b) . The absorption structure for y-polarized wave is uniformly designed with same parameters as that of Fig. 2(c) . Figure 3(a) shows the simulated result of scattered electric field distribution at 10 GHz under the normal illumination of an x-polarization. We can see that each individual meta-atom acts as a phase-shifter and a good plane wavefront emerges from the metasurface when the incident wave is reflected into the desired direction. We also investigate the far-filed behavior of the metasurface, as shown in Fig. 3(b) . The normalized far-field pattern shows that a pencil-like beam is generated as the collective results of the secondary radiations from scatters of the designed metasurface. The directive scattering is tilted to the desired direction. On the other hand, we have also investigated the scattering performances of the metasurface under the normal illumination of y-polarized incidence. Figure 3 (c) clearly shows the near-field distribution in the cutting plane at the center of the metasurface. A planar wavefront is observed with negligible energy when the incident wave is reflected by the metasurface, indicating that most of the incident power is absorbed by the structure. This can also be verified by the normalized far-field scattering pattern shown in Fig. 3(d) . Compared to a same-sized metallic slab, the backward reflection is well suppressed with about 20 dB. At the same time, the scattering is much reduced in most directions, demonstrating the incident energy being mostly absorbed. This is quite different to diffusion-like metasurfaces, which also have low backward reflection but with high side-lobes. In diffusion-like metasurfaces, the incident energy is only averaged into numerous directions, attributed to the random phase profiles on the metasurface [9] - [11] , [37] . After having demonstrating the anisotropic metasurface's ability of reshaping the wavefront of x-polarized wave and absorbing y-polarized wave, we may envision that arbitrary wavefront tailoring can be realized without much affecting the absorption performances.
III. DIRECTIVE ANTENNA WITH REDUCED BACKWARD SCATTERINGS
In this section, we will give the practical implementation of the proposed anisotropic metasurface in design high-directive flat reflector antenna with low backward RCS. Metasurface reflector antennas have the advantages of flat low-profile, light-weight, and especially easy-to-transport when compared to conventional parabolic antennas with bulky nonplanar profiles [38] , [39] . Besides, the spatial phase profile on a metasurface antenna can be arbitrarily designed to control the beam direction at will, drastically improving the design flexibility. The antenna combines stealth technique to acquire high directive radiation and low backward RCS would be more favored especially by military applications. We start with the design of directive antenna operated with x-polarization. An open-ended waveguide antenna, suspended by a distance of 150 mm away from the metasurface, is used as the primary feed source to illuminate the metasurface with an incident angel of 45 • , as shown in Fig. 4(a) . The metasurface has a size of 256 mm × 256 mm in xoy plane, with total pixels of 40 × 40 = 1600 elements. First, the continuous phase profile on the metasurface illuminated by the primary radiation at 10 GHz is recorded, as shown in Fig. 4(a) . Then, this phase profile is discretized into 40 × 40 pixels, as shown in Fig. 4(b) . Since the phase function at an arbitrary position (x, y) of the metasurface can be easily tuned by altering the parameter l x of the meta-atom, this out-of-phase phase distribution is then compensated into inphase distribution by real elements. The secondary scatterings from the elements will form a planar wavefront, leading to a high-directive radiation. Besides, the metasurface has uniform absorbing structure with the parameters same as that shown in Fig. 2(c) in y-direction. Figure 4 (c) shows the simulated results of normalized three-dimensional (3D) far-field radiation patterns at different frequencies under the illumination of the open-ended waveguide antenna. Obviously, the metasurface can well compensate the out-of-phase radiation from primary source, resulting in directive pencil beam with low side-lobes in the far-field region at these frequencies. Since the designed frequency is selected as 10 GHz, best performance of the radiation can be observed at this frequency, with the main lobe precisely pointed to the surface normal direction. Due to the intrinsic dispersion of the meta-atoms, the beam directions are slightly deviated from the surface normal direction at other frequencies. To verify the design principle and the simulated results, we have fabricated a prototype of the metasurface antenna and tested it in a microwave chamber. The measured results are shown in Fig. 5 . Figure 5(f) shows the metasurface sample, which is fabricated through standard printed circuit board (PCB) technique. A standard WR-90 waveguide is used as the feed source, which is fixed at the designed place by a fixture made of low-loss microwave foam. In all measurements, the realized gain of the antenna is calibrated to a broadband standard horn antenna. Figure 5 (a) -(c) show the simulated and measured normalized radiation patterns in E-plane at three different frequencies of 9 GHz, 10 GHz and 12 GHz, respectively. The measured results are in good agreements with the simulated ones, achieving high directive radiations across the entire X-band. The side-lobe levels slightly improve as the elevation angle approaching 90 • . This is actually due to the radiation wave from the primary feed source, and by enlarging the metasurface aperture, the side-lobes can be apparently suppressed. Figure 5(d) shows the radiation pattern of the metasurface antenna in H-plane at 10 GHz, where directive radiation pattern is also observed, clearly demonstrating the simulated performances. We have also investigated the cross-polarization components of the radiation patterns. The measured cross-polarization component of the metasurface antenna in the main lobe direction is about −30 dB when calibrated to the main lobe co-polarization component. Meanwhile, the cross-polarization components are blew −35 dB in other directions in both E-plane and H-plane. Although the measured cross-polarizations are higher than the simulated ones (uniformly below −50 dB, not shown in the figures), considering the tolerance of the imperfect fabrication, assembly and experiments, the measurements have validated the simulated performances. In the simulation, the antenna is perfectly symmetric with respect to center xz plane. However, this cannot be achieved in the experimental set-up, and the slight asymmetry of the antenna configuration finally results in an increase of the cross-components. The realized gain as a function of frequency is shown in Fig. 5(e) , where the gain of the metasurface antenna reaches about 25 dBi around 10 GHz, and remains at least 19 dBi across the entire X-band both in simulation and experiment, demonstrating a relatively good directive radiation. The above results clearly demonstrate that the proposed metasurface can reshape the incident wavefront into a desired manner by adjusting its spatial phase profile.
We have also performed simulations and experiments to validate the low scatterings of the metasurface for y-polarized incidence. In the simulation set-up, the metasurface is shined by a y-polarized plane wave with different incident angles. Figures 6(a) and 6(c) show the simulated results for incidence polarized with transverse magnetic (TM) and transverse electric (TE) mode. Here, TM mode is defined as that the incident electric field is parallel to while the magnetic field is perpendicular to the incident plane, and TE mode is defined as that the incident magnetic field is parallel to while the electric field is perpendicular to the incident plane. The robust angular-dependent performance is an important criterion to evaluate the absorber in practical applications. Therefore, the reduction of the mirror reflection at different incident angles are investigated. As shown in Fig. 6(a) , −10 dB band can cover from 8 GHz to about 14 GHz even for large incident angles in TM case. Actually, with the increase of incident angle, the bandwidth is slightly extended to higher frequencies. Meanwhile, the lowest working frequency keeps nearly unchanged when the incident angle varies. As for TE cases shown in Fig. 6(c) , the working bandwidth keeps nearly unchanged till the angle up to about 40 • , but after that, the bandwidth and the reflection dip rapidly decrease. The measured results shown in Figs. 6(b) and 6(d) are in good agreements with the simulated ones. It concludes that a −10 dB bandwidth ranging from 8 GHz to 14 GHz can be obtained for both y-polarized TE and TM plane wave within the incident angle of 0 -40 • , clearly demonstrating the functionality of suppressing backward scatterings.
IV. CONCLUSION
Reflective anisotropic metasurface for absorption and wavefront tailoring is proposed, which further has been experimentally demonstrated by a high-gain metasurface antenna with reduced backward scatterings as a practical implementation. We may envision a tunability of the proposed metasurface for dynamically controlling the EM functionalities by incorporating active components, e.g., diodes. 
